Abstract -The paper reports on the application of flux observer based sensorless control techniques to PM brushless AC motors. Current methods of speed estimation and their relative merits are assessed, both theoretically and experimentally, and an improved speed estimation method, which combines the best features of the average of the estimated rotor position differential and the ratio of the EMF to excitation flux-linkage, is proposed. Its performance is verified experimentally.
I. INTRODUCTION
Numerous sensorless control techniques have been proposed for PM brushless AC (BLAC) drives. Basically, however, these can be classified into two categories, viz. those in which speed is estimated from an observer and the rotor position is obtained by integration [l-31, and those in which the rotor position is estimated directly from an observer and the speed is calculated by differential [4-91. However, inaccuracy in the estimated rotor position may arise due to speed errors, for example, the integration of a constant error resulting in an unreliable estimation of the rotor position unless an appropriate compensating algorithm is employed. Similarly, if the speed is determined simply from the differential of rotor position [6, 7] , any noise will be amplified by the differential operation and lead to errors in the estimated speed.
When the rotor position is deduced directly from the observed flux vector, Lagerquist [ 101 recommended that the flux vector should be pre-processed with a low pass filter to improve the accuracy of the derived position signal such that it can be differentiated for the estimation of speed. However, in a variable-speed brushless AC drive, the use of a low pass filter will generally introduce a phase shift to the fundamental flux vector over a wide frequency band. On the other hand, the average speed method is widely used since it presents the correct average speed if the motor operates at steady-state. However, it is not usually used for the speed feedback in servo systems, since its dynamic response is generally not fast enough.
An altemative approach, proposed by Watanabe [l 11 and Matsui [4, 5] , is to determine the speed from the ratio of the amplitude of the induced EMF to the excitation flux-linkage.
However, whilst this method of speed estimation has a fast response, it has two significant drawbacks. Firstly, the calculation of the EMF requires the differential of the current. Thus, the noise can cause potentially significant speed errors. Sharkh [12, 13] eliminated the need for the differential, but this resulted in significantly more complex computation. Kim [14] , on the other hand, assumed that the current was constant at the end of each flux observing step, so that its differential was zero. However, since such an assumption is not appropriate in general, errors can result in the estimated speed. Secondly, parameters, such as the winding resistance, inductance, and excitation flux-linkage, may vary, due, for example, to variations in temperature and saturation, and consequently cause errors in the estimated speed. Kim [14] also proposed to compensate for parameter variations, the estimated averaged speed being used as the compensation reference (i.e., input variable). However, it is difficult to compensate for variations in all three parameters from only one input variable.
Generally, in a sensorless BLAC drive, the derivation of the speed fiom the rotor position results in significant noise. Further, whilst the estimation of the average speed is accurate under steady-state operating conditions, it is usually not fast enough to satisfy the required dynamic response. In contrast, the estimation of the speed from the induced EMF and the excitation flux-linkage results in a fast dynamic response but low accuracy. Therefore, the development of an improved speed estimation method is of considerable interest.
In this paper, the basic principle of flux observer based sensorless control is briefly described, and existing speed estimation methods are implemented and their performance discussed. An improved speed estimation method which combines the best features of existing methods is then developed and implemented. Finally, the performances of various methods are compared.
The speed estimation methods are realised on a drive system based on the TMS320C31 DSP, which supplies a 2-pole surface-mounted magnet brushless AC motor. The motor specification is given in Table 1 . An encoder is also used to measure the actual rotor position and to calculate the speed, from the differential of position. These are compared with values deduced from the sensorless techniques. The phasor diagram of a BLAC motor is shown in Fig. 1 Since + R . i
where R is the winding resistance, the stator flux-linkage vector is observed from: Further, if surface-mounted magnets are employed, and saliency can be neglected, La= Lb= L,. Therefore, \kf can simply be calculated as:
In the a-P reference frame, \Lf is expressed by the projections wfa and ~f i on the a-axis and p-axis, as shown in Fig. 1 . Therefore, the rotor position is obtained as: (4) wfp w f a €Ir = arctan- Fig. 2 (a) shows the locus of the observed flux vector Yf .
As will be seen, whilst it is almost circular, it is continuously being displaced. This is due to the integration in (2), since any DC offset or error in the measured currents is continuously amplified by the pure integration until saturation is reached. Clearly, it is not possible to deduce the rotor position from such a shifting flux vector locus.
, Therefore, the flux observer needs to be improved. In order to eliminate the influence of the DC offset on the integration of (2), a high pass filter, for which the transfer function is s/(s+Q), is applied to the variables to be integrated. As the transfer function of a pure integrator is l/s, the combined transfer function becomes l / ( s +~) , which is equivalent to the replacement of the integrator by a low pass filter [ 171. Hence, (2) is modified to:
The cut-off frequency wo in the experimental drive system was set as 9.4rad/s. With this improvement, the circular locus of the observed flux vector if remains stable, as shown in Fig. 2 (b) , whilst the estimated rotor position is close to the measured value, as shown in Fig. 2 (c) . Since the encoder resolution is 4000 pulses per revolution, the rotor position is expressed in pulses rather than radians. Hence, it ranges from 0 to 3999.
SPEED ESTIMATION FROM DIFFERENTIAL OF ROTOR POSITION
The speed estimation from the differential of rotor position is a widely employed method. In a digitally-based system, it is described by where Or+l) and are instantaneous rotor positions corresponding to the start and end of the time interval At,.
Since in a sensorless BLAC drive, estimation errors will exist in and when the position-differential estimation method is applied, 
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where 6, errol is a rotor position error. From Fig. 2(c) it will be seen that although €)r-emor(k) is much smaller than the range of €)r-actual(k), since At, is very short (3ms in the experimental dnve system) A€Ir-acmol(k) is also small.
Therefore, (€)r-emor(k) -€)r-emor(k-l) 1 may be comparable with ABr-ocrua~(k), and cause a significant error in the estimated speed. Whilst the error can be reduced by increasing the interval At, since this will compromise the dynamic response of the speed estimation, it is not an effective solution.
In order to investigate the performance of the positiondifferential speed estimation method, the speed of the drive was switched between 15001pm and 3000rpm every 4s, the encoder output being used for the vector control and the measurement of the actual speed, which was then compared with the speed estimated from the differential of estimated rotor position, as shown in Fig. 3 . As can be seen, the estimated speed contains significant ripple, and is inappropriate for speed feedback in a totally sensorless drive system.
Iv. FILTERING OF OBSERVED FLUX VECTOR
The ripple which results when the speed is derived from the rotor position is caused by rotor position errors, which arise fiom noise in the observed flux vector locus, as shown in Fig. 2 (b) . However, the speed ripple may be reduced significantly by filtering the observed flux vector with a low pass filter. In the experimental drive system, the fkequency at which the flux observer was implemented was 20kHz, whilst the cut-off frequency of the low pass filter was 2kHz. The loci of the flux vector both with and without the filter are shown in Figs. 4 (a) and (b) , respectively. However, whilst the use of a filter improves the estimation of the flux vector locus, it can introduce significant phase shift to the flux vector if a motor runs at high speed, as shown in Fig. 4 (c) , which can compromise the speed control performance. By way of example, Figs. 4 (d) and (e) illustrate the influence of the flux vector filter on the estimated speed. As will be evident, whilst the addition of the filter is extremely beneficial when the motor runs at low rotational speeds, the benefit is reduced significantly at high speeds, when the fundamental frequency of the flux vector approaches the cut-off frequency of the filter. It can also be seen that the addition of the filter has relatively little influence on the estimated average speed.
Since filtering of the observed flux vector introduce a significant phase shift to the flux vector, and it has relatively little improvement on the estimated average speed, it is not used in the estimation of the average speed which is considered in the next section. 
V. AVERAGE SPEED ESTNATION
From Fig. 4 (d) it is seen that the ripple in the estimated average rotor speed is relatively small. However, the dynamic response of speed estimation may not be sufficiently fast.
In the experimental drive system, the speed is estimated every 3ms, i.e. at a fkequency of 333.3Hz. Thus, the cut-off frequency of a low pass filter which was used to filter the estimated speed waveforms shown in Fig. 4(d) was set at 33.3 Hz. A typical experimental result is shown in Fig. 5(a) , from which it would appear that the estimated speed is in close agreement to the actual speed. However, on closer inspection, Fig.S(b) , there is a noticeable time delay in the estimated speed. Thus, this method of speed estimation may not be suitable for speed feedback in servo controlled drives.
VI. SPEED ESTIMATION FROM INDUCED EMF
If the excitation flux-linkage is known a priori and the induced EMF E, is deduced from the measured current and voltage, then since the two are related in the d-q reference frame by:
where L, =Ld = L, is the stator winding inductance, assuming a rotor with surface-mounted magnets, the speed may be estimated from: 
Usually L,i, << Yf , for example when the d-axis current is set to zero in the vector control.
The main merit of estimating the speed in this way is the fast response. However, it has two significant drawbacks, in that the parameters R , L, and Yf are sensitive to variations in temperature and saturation, and the speed estimation still involves differential operation. Although Kim [ 141 proposed to compensate for parameter variations, this is difficult, as mentioned in the introduction.
Since the estimation of the speed from the EMF and excitation flux-linkage is inherently inaccurate, a further approximation is proposed so as to simplify the calculation, whilst, of course, increasing the potential speed error but improving the response. Since the excitation flux-linkage is usually significantly greater than the flux-linkage due to the armature reaction, (9) may be simplified as:
Although less accurate than (9), the estimation of the speed from (IO) is much faster, as shown in Fig. 6 , in which the estimated dynamic speed response compares favourably with the measured dynamic speed response.
VII. IMPROVED METHOD 'OF SPEED ESTIMATION
In the preceding sections, existing methods of estimating the speed have been implemented, and their merits have been highlighted. It has been shown that, in general, the average speed can be estimated to a high accuracy under steady-state operating conditions, albeit with a relatively slow dynamic response, whilst the estimation of the speed from the EMF and excitation flux is somewhat less accurate but is faster. However, by combining two methods, an improved estimation of the speed can be obtained. 
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An improved method for estimating the speed is proposed. Hereafter, the estimated average speed from the differential of the rotor position is represented by cod, whilst the speed which is estimated from the EMF and excitation flux-linkage is represented by ("e . The improved estimation of rotor speed VIII. SPEED CONTROL In order to evaluate the performance of the four methods of speed estimation when they are employed in the closedloop speed control ofthe brushless AC drive system, the load torque was maintained constant whilst the speed command ( a h ) is obtained from:
( 1 1 The performance of the improved method was again assessed by comparing the estimated speed with the measured speed of the drive. The results are shown in Fig. 7 . As will be seen, the estimated speed agrees extremely well with the actual speed, especially at steady-state. was switched between 1500rpm and 3000rpm every 4 seconds, hybrid PI -fuzzy logic control being employed for the speed control.
As shown in Fig. 8 (a) , when the speed feedback is derived from the differential of the estimated rotor position, the speed exhibits a significant high frequency oscillation. When the estimated average speed is employed as feedback, as in Fig.S(b) , the speed is not stable. When the speed feedback is derived from the EMF and excitation fluxlinkage, the speed of response is exceptionally good, but at steady-state a speed error, as well as a small high frequency oscillation exists. However, when the improved method of speed estimation is employed as speed feedback, the steadystate speed error is small, whilst the transient overshoot is acceptable.
The results show that the improved method of speed estimation largely overcomes the drawbacks of other methods. Further, its DSP implementation is simple.
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IX. CONCLUSIONS
The basic principle of flux observer based sensorless control of BLAC drives has been briefly reviewed, existing methods for estimating the speed have been implemented and their performance evaluated. An improved method has been proposed, and shown to be eminently suitable for speed feedback, in that it results in excellent steady-state and dynamic performance.
